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ABSTRACT. The non-isothermal crystallization kinetics of novel BixGa5Ge20Sb10-xSe45Te20 
(x=1,3,5,10) glasses are studied with differential scanning calorimetry method, and analysed using 
Frazer-Suzuki fitting function. The applicability of Johnson-Mehl-Avrami (JMA) model to 
describe the crystallization kinetics in these materials is verified, and JMA exponent is determined 
for the relevant crystallization processes. It is found, that substitution of Sb with Bi in glass 
composition leads to a decrease in optical gap and thermal stability of the glass, and increase in 
the density and crystallization activation energy for glass-ceramics formation.  
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1. Introduction 
In a past decade, the compounds of chemical elements with large spin-orbit electron 
coupling attracted a substantial attention because of the possibility of quantum Hall effect [1-3]. 
In the latter case, the spin-orbit coupling plays the same role as the external magnetic field: instead 
of being driven by a magnetic field, the electrons can form a quantum Hall state as a result of spin-
dependent force when moving through the crystal lattice even in non-magnetic substances [2-5]. 
Materials which possess this effect have been named topological insulators, because they are 
typically insulators in the ‘bulk’ but have exotic metallic states present at their surfaces due to the 
topological order (these surface states are one of the most important properties of the topological 
insulators) [1-3]. For a topological insulator to form, the spin-orbit coupling must be strong enough 
to significantly modify the electronic structure – it should in fact be comparable to the bandgap of 
the material [1-3]. Historically, one of the first discovered materials with topological insulating 
properties was the BixSb1−x compound [6]. Recently, some chalcogenide stoichiometric crystals, 
such as Bi2Te3, Bi2Se3, Sb2Te3 and Sb2Se3, as well as mixed/doped derived compounds have 
been proposed as perspective three-dimensional topological insulators [7-12]. Some of them are 
characterized by extremely simple topological surface states described by a single gapless Dirac 
cone at the k = 0 Γ point in the surface Brillouin zone [7,8,12]. It is obvious, that Bi and Sb atoms 
play a key role in the formation of topological insulating properties. 
Besides the prospect of forming topological insulators, incorporation of Bi or Sb into the 
structure of chalcogenides has a profound impact on their electrical properties [13,14]. These 
dopants are able to unpin the Fermi level and change the conduction from p to n type in 
chalcogenide glasses (which are known to be highly insensitive to metal doping [13,14]), and even 
cause a strong thermoelectric power effect [15,16]. The combination of these properties with high 
optical transparency (extending up to ~18 µm) and non-linearity [17,18], makes Bi/Sb-containing 
chalcogenide alloys a very appealing multifunctional medium for numerous applications in 
(nano)optics and (nano)electronics [19-22]. Thus, it was discovered recently that small variation 
in Bi content allows fabrication of ~mm thick fully transparent or fully opaque in ~3-16 µm 
wavelengths range semiconducting optical media [23], which can be used for a variety of 
applications in IR optics and sensors. The possibility to form Bi2Te3, Bi2Se3, Sb2Te3 and Sb2Se3 
(nano)crystals in amorphous matrix by a controlled crystallization (heating the glass above its glass 
transition temperature) or laser exposure (inducing induced fluidity or local melting of the 
material), opens a whole range of new metamaterials with unique physical properties [4,5,21,22].  
In this paper, we introduce new glassy materials within Bi-Sb-Ga-Ge-Se-Te family with 
varying Bi and Sb content, which can be used as universal host matrix having potential to combine 
superior optical properties (like IR transparency), thermo-electric effect, different types of 
conductivity and topological insulating behaviour in one medium. The optical and thermal 
properties for these complex metamaterials are analyzed and discussed.  
 
2. Materials and methods 
The BixGa5Ge20Sb10-xSe45Te20 (x=1,3,5,10) glasses were prepared by conventional melt-
quenching technique using high-purity elemental precursors (5N or more). Appropriate amounts 
of Ga, Bi, Sb, Ge, Se and Te (around 20 g in total) were vacuum-sealed in silica tube of 10 mm 
diameter. Then, the ampoules were heated up to 900 °C with 2 oC/min rate in a rocking furnace, 
homogenized for ~10-12 hours, quenched into room-temperature water from 700 °C and swiftly 
moved to the preheated furnace for annealing at ~30 °C below the glass transition temperature for 
3 h. For optical measurements samples were cut into discs and polished to thickness of ~1.8 mm.  
The overall glassy state of the obtained materials was confirmed by the absence of 
crystalline reflexes in their X-ray diffraction (XRD) patterns (Fig. 1a). Nevertheless, some minor 
reflexes have been noticed in the XRD pattern of Bi10Ga5Ge20Se45Te20 sample (Fig. 1a), which 
could be attributed to the formation of small-size nucleation sites right after the quench. The 
homogeneity and actual compositions of the prepared materials Ga5Ge20Sb10Se45Te20 (Bi0), 
Bi1Ga5Ge20Sb9Se45Te20 (Bi1), Bi3Ga5Ge20Sb7Se45Te20 (Bi3), Bi5Ga5Ge20Sb5Se45Te20 (Bi5) 
and Bi10Ga5Ge20Se45Te20 (Bi10) were verified by scanning electron microscopy (SEM) with 
energy-dispersive X-ray analysis (EDX), and X-ray photoelectron spectroscopy. No significant 
impurities or deviations (more than ±1 at.%) from nominal compositions have been found, as well 
as no significant inhomogeneities have been detected through SEM (Fig. 1b).  
The high-energy XRD experiment was performed at the beamline 11-ID-B, Advanced 
Photon Source, Argonne National Laboratory, using X-rays with wavelength 0.2127 Å and 
position sensitive Perkin Elmer amorphous silicon image plate detector [24]. These measurements 
were carried out at room temperature using coarse powdered (with mortar and pestle) samples 
sealed in Polyimide capillaries.  
Differential scanning calorimetry (DSC) measurements were performed using Mettler 
Toledo DSC1 instrument calibrated with Hg, In, Sn and Zn as standard elements. Bulk ~20 mg 
chunks of each glass were heated in 40 µl aluminum crucibles under nitrogen atmosphere at 2, 5, 
10, 15, and 20 K/min constant heating rates. To assure the repeatability of the results, the DSC 
measurements were repeated minimum 3 times for each heating rate and for each composition 
(each time using a fresh sample). The DSC scan included 2 runs at the same heating rate: the first 
run revealed the glass-to-supercooled liquid transition and crystallization peaks; the second run of 
fully crystallized glass-ceramic sample provided us with a confident baseline, which was then 
subtracted from the first-run curve. The crystallization peaks in the repeatable DSC data sets were 
fitted with Fraser-Suzuki distributions [25] in Origin. Each of these fitted curves was then 
integrated and normalized using Origin’s intrinsic functions to obtain a fraction of crystallized 
volume (α).  
Optical transmission spectra in the IR region were obtained with Bruker Vertex 70V 
spectrometer, while for the measurements in UV/VIS/NIR region the PerkinElmer LAMBDA 950 
spectrophotometer was used. The VIS/NIR spectra and PARAV software [26] were used to 
estimate optical gaps of the glasses. 
 
3. Results and discussion 
Optical transmission spectra (Fig. 2a) and absorption coefficient, calculated in the 
fundamental optical absorption edge region (Fig. 2b), are typical for Se/Te-based glasses [20,27]. 
The samples with low Bi content are characterized by a relatively wide transmitance window (~2-
16 µm), which allows a variety of IR applications. Complete substitution of Sb with Bi in glass 
composition leads to a full opacity of Sb-free Bi10 sample in a wide VIS-IR spectral range 
(transmission less than 1% for ~2 mm thick sample, not shown in Fig. 2a). This opacity is not 
caused by scattering, though, since no crystallites of appreciable size or other inclusions have been 
found in this Bi10 sample neither with XRD nor with SEM. The mechanism is, the most probably, 
associated with giant attenuation coefficient as suggested for similar glasses earlier [23]. The 
optical gap estimated from Tauc plots using PARAV software [26] decreases with Bi content from 
the value of ~1 eV for Bi0 glass to ~0.7 eV for Bi5 sample (Table 1).  
The DSC thermograms of the investigated glasses recorded at different heating rates q = 2, 
5, 10, 20, 30 K/min show glass transition (Fig. 3) and crystallization (Fig. 4) features in all cases. 
The onset temperature of the glass transition Tgon and the peak temperature of the first 
crystallization process Tc (both values determined for 10 K/min DSC runs) were used to calculate 
Dietzel criterion of glass stability ∆T = Tc - Tgon [28] shown in Table 1. It is found that Tg value as 
determined from DSC heating curves does not change significantly with Bi addition (Tg = 230±2 
oC for 10 K/min runs), except a noticable decrease for Bi10 sample (Tg ~ 220 oC). The activation 
energy of viscous flow, ETg, detemined by Ozawa method [29,30] from the data in Fig. 3 for the 
thermally annealed (structurally relaxed) glasses, demonstrates a maximum in compositional 
dependence at ~1-2 at.% of Bi (Table 1). Simultaneousely, the density of glass measured by 
Archimedes’ method increases (Table 1) and the glass becomes less stable (smaller ∆T values) 
when Sb is substituted with Bi, the most unstable being the Bi10 composition with 10 at.% of Bi 
content (its still a glass, though, according to XRD data). Nevertheless, the Tg of all investigated 
samples (including Bi10) is higher than 200 oC, which makes these glasses attractive for 
applications in many IR instruments.  
For the samples with low Bi content (x < 5 at.%) one family of crystallization peaks is 
observed, while for Bi5 and Bi10 samples the low-temperature crystallization emerges (Fig. 4). 
Fraser-Suzuki fits of DSC heating curves (Fig. 5) suggests the crystallization of at least 2 phases 
for the Bi-free sample (Bi0 composition), 3 phases for intermediate Bi concentrations (Bi1, Bi3 
and Bi5 compositions); and as many as 5 phases for Bi10 sample. It should be noted however, that 
shape of real crystallization peaks can be more complicated than Fraser-Suzuki form and usually 
depends on the crystallizing phase [25]. So, the proposed fits should be considered as idealized 
models with precautions, especially if there are weak shoulders which can be obscured by 
assymmetric form of Frazer-Suzuki function. They are, however, our best estimates (due to the 
overlapped crystallization processes of unknown nature) to determine the crystallization 
temperatures and activation energies of crystallization processes.  
Johnson-Mehl-Avrami (JMA) nucleation-growth model is usually used to study the non-
isothermal crystallization kinetics with DSC [31,32]. The fraction of crystallized volume α during 
non-isothermal crystal growth from preexisting nuclei can be determined from [31,32]: 
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Here φ is the specific heat flow measured with DSC (W/g) and ΔHc is the total enthalpy change 
associated with the crystallization process; the pre-exponential factor A and activation energy Ea 
are kinetic parameters that should not depend on the temperature T and α; and  
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is an algebraic expression of the JMA model [31,32].  
The JMA exponent m is a characteristic parameter related to a crystal forming morphology: m ~ 1 
means predominant surface crystallization, m ~ 3 corresponds to three-dimensional bulk 
crystallization, and m ≥ 4 usually describes the crystallization processes occurring with increasing 
nucleation rate [33]. 
A simple test for the applicability of JMA model is based on the analysis of probe functions 
[31]: 
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For JMA model to be valid, the maximum of z(α) function should occur around α = 0.63±0.02 
value in the non-isothermal crystallization conditions [31].  
The fits with Fraser-Suzuki distribution function were used to build z(α) plots for the 
resolved crystallization processes. As could be seen from Fig. 6, only peaks III of Bi1 and Bi3 
samples, as well as peak II of Bi5 sample have their z(α) maxima at roughly α ~ 0.63 value (taking 
into account a reasonable accuracy achievable with DSC instrument for rapidely crystallizing 
phases). So, only these crystallization processes can be potentially described with JMA model of 
crystallization. The JMA exponent m estimated from the double-logarithm plots (Fig. 7) is found 
to be close to 3 for the peaks III of Bi1 and Bi3 samples, and approximately 7 for the peak II of 
Bi5 sample. The latter means crystallization processes with increasing nucleation rate [33]. 
The activation energies of crystallization (Ea) calculated using Ozawa’s plots (ln q vs 
1000/T) [29,30] show overall increase with Bi content (Table 2). This can be explained by the fact 
that onset of crystallization shifts to lower temperatures in Bi-contaning glasses, where higher 
viscosity of supercooled liquid imposes more constraints on structural rearrangements needed for 
crystallization to occur. Simultaneously, crystallization peaks become sharper (Fig. 4), which 
means more rapid crystallization of the phases in glasses with greater Bi content. This result is of 
significant importance for the application of these materials in phase-change memory devices. 
The nature of the crystallizing phases in each case requires further thorough investigations 
using combination of Raman/IR spectrocopy, electron microscopy, XRD analysis, and such 
complementary structural probes as X-ray photoelectron spectroscopy and extended X-ray 
absorption fine structure spectroscopy. Nevertheless, on the basis of previous studies [34], we 
expect that in the low temperature region the predominant crystallization of Bi-based compounds 
(like Bi2Te3, Bi2Se3 or Bi2SeTe2) should occur. In the high-temperature range beyond ~320 oC, 
the crystallization processes should rely mostly on the crystallization of stable Ge- and Sb-based 
chalcogenide phases [34].  
 
4. Conclusions 
The Ga-Ge-Se-Te matrix is found to be quite suitable for the incorporation of high 
concentration of Sb and Bi (up to 10 at.%), while preserving the overall glassy state. Substitution 
of Sb with Bi leads to an increase in density of the glass, a decrease in the optical gap of these 
materials and, finally, to the complete opacity of ~2 mm thick sample with 10 at.% of Bi in a wide 
visible and infrared range of spectrum. Analysis of the crystallization kinetics reveals that only 
few crystallization processes can be described with Johnson-Mehl-Avrami crystallization model, 
while majority of them do not pass JMA applicability test (at least per Frazer-Suzuki fits). The 
activation energies of crystallization show a tendency to increase with Bi content, which is 
associated with an overall shift of the crystallization processes to lower temperatures. Glass-
ceramics formation by crystallization becomes more rapid in Bi-rich glasses, but simultaneously 
their Dietzel criterion of glass stability decreases. Owing to the obtained results, the developed 
glass matrix can be considered for multifunctional applications in IR optics, photonics, phase-
change memory devices, and sensors. 
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Table 1. Dietzel criterion of glass stability ∆T = Tc - Tgon [28], calculated for the investigated 
BixGa5Ge20Sb10-xSe45Te20 glasses using DSC curves recorded at 10 K/min heating rate (Tc is the 
peak value of the earliest crystallization peak, Tgon is the onset value of glass transition); density 
ρ; estimated optical gap Eg; and activation energies of viscous flow ETg, averaged for Ozawa’s 
plots of onset and midpoint Tg values.  
 
 
Parameter 
 
Sample 
Tgon ,  
oC 
(±1) 
Tc  ,  
oC 
(±1) 
∆T ,  
oC 
(±1) 
ETg , 
kJ/mol 
(±50) 
Eg ,  
eV 
(±0.05) 
ρ ,  
g/cm3 
(±0.005) 
Ga5Ge20Sb10Se45Te20  231 381 150 310 1.00 4.983 
Bi1Ga5Ge20Sb9Se45Te20  230 373 143 630 0.85 5.043 
Bi3Ga5Ge20Sb7Se45Te20  228 346 118 510 0.80 5.100 
Bi5Ga5Ge20Sb5Se45Te20  229 303 74 360 0.71 5.226 
Bi10Ga5Ge20Se45Te20 218 261 43 282 n/a 5.441 
 
 
 
 
 
Table 2. Average activation energy of crystallization Ea calculated for the investigated materials 
using Ozawa’s plots [29,30]. 
 
 
Ea 
Sample 
Peak I 
kJ/mole 
(±5) 
Peak II 
kJ/mole 
(±5) 
Peak III 
kJ/mole 
(±5) 
Peak IV 
kJ/mole 
(±5) 
Peak V 
kJ/mole 
(±5) 
Ga5Ge20Sb10Se45Te20  134 144    
Bi1Ga5Ge20Sb9Se45Te20  137 138 163   
Bi3Ga5Ge20Sb7Se45Te20  167 195 206   
Bi5Ga5Ge20Sb5Se45Te20  241 254 257   
Bi10Ga5Ge20Se45Te20 271 283 300 228 242 
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Fig. 1. (a) High-energy XRD patterns of the investigated BixGa5Ge20Sb10-xSe45Te20 glasses; (b) 
SEM picture of a fresh fracture of as-prepared Bi10 sample. 
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Fig. 2. Transmission (a) and fundamental optical absorption (b) spectra of 
BixGa5Ge20Sb10-xSe45Te20 glasses (Bi10 sample is not shown due to its complete opacity in this 
optical region). 
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Fig. 3 
Fig. 3. DSC scans at different heating rates for BixGa5Ge20Sb10-xSe45Te20 glasses, showing glass 
transition region. 
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Fig. 4. DSC scans at different heating rates for BixGa5Ge20Sb10-xSe45Te20 glasses, showing 
crystallization region. 
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Fig. 5. Example of Fraser-Suzuki fittings for DSC curves of BixGa5Ge20Sb10-xSe45Te20 glasses 
recorded at 5 K/min heating rate in the crystallization region. 
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Fig. 6. The z(α) functions built of Frazer-Suzuki fits for crystallization regions of BixGa5Ge20Sb10-
xSe45Te20 samples to check the applicability of JMA equation. 
1.40 1.45 1.50 1.55 1.60 1.65 1.70 1.75
-15
-10
-5
0
ln
(-l
n[
1-
α
 ])
 , 
a.
u.
1000/Τ , K-1
Peak III
m ~ 3
Bi1
Peak III
m ~ 3 
Bi3
Peak II
m ~ 7
Bi5
 
Fig. 7. Plots for JMA exponent determination for selected crystallization processes deemed to be 
described by JMA model. 
 
 
 
 
